Two-pion interferometry measurements are used to extract the Gaussian radii Rout, R side , and R long , of the pion emission sources produced in Cu+Cu and Au+Au collisions at several beam collision energies √ s N N at PHENIX. The extracted radii, which are compared to recent STAR and ALICE data, show characteristic scaling patterns as a function of the initial transverse sizeR of the collision systems and the transverse mass mT of the emitted pion pairs, consistent with hydrodynamiclike expansion. Specific combinations of the three-dimensional radii that are sensitive to the medium expansion velocity and lifetime, and the pion emission time duration show nonmonotonic √ s N N dependencies. The nonmonotonic behaviors exhibited by these quantities point to a softening of the equation of state that may coincide with the critical end point in the phase diagram for nuclear matter.
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Studies of the matter produced in ultrarelativistic heavy ion collisions provide an important avenue for mapping the phase diagram for quantum chromodynamics (QCD) [1] [2] [3] . Quantification of the properties of the various QCD phases, as well as pinpointing the location of the phase boundaries and the critical end point (CEP) in the plane of temperature vs. baryon chemical potential (T, µ B ), are of fundamental interest [4] .
Lattice QCD calculations indicate that the quarkhadron transition is a crossover at small µ B or high collision energies ( √ s N N ) [5, 6] . Experimental results from the Relativistic Heavy Ion Collider (RHIC) at √ s N N = 200 GeV and the Large Hadron Collider (LHC) at √ s N N = 2.76 TeV, indicate that this transition results in the production of a strongly coupled plasma of deconfined quarks and gluons (sQGP) with low specific shear viscosity η s , i.e. the ratio of shear viscosity η to entropy density s [7] [8] [9] [10] [11] [12] [13] [14] . The validation of this crossover transition is a necessary, albeit insufficient, requirement for the existence of the CEP.
For lower beam energies or larger values of µ B [15] , model calculations [16] [17] [18] [19] suggest that reaction trajectories in the (T, µ B )-plane could come close to the CEP and even cross the coexistence curve that delineates a first order phase transition. Thus, a current strategy for experimental mapping of the phase diagram is centered on beam energy scans, which sample reaction trajectories with the broadest possible range of µ B and T values.
The expansion dynamics of the matter produced in these beam energy scans is strongly influenced by the reaction trajectory in the (T, µ B )-plane. At the CEP or close to it, anomalies in the dynamic properties of the medium can drive abrupt changes in transport coefficients and relaxation rates to give a nonmontonic dependence of η s (T, µ B ) [11, 20, 21] . A medium produced in the vicinity of the CEP could also show a stalling of the the mean expansion speed, c s [22, 23] , as well as a longer emission duration ∆τ , manifested as a difference between R out and R side (∆τ 2 ∝ (R 2 out − R 2 side )) [22] [23] [24] [25] [26] . Here, the rationale is that, in the vicinity of the CEP, the equation of state (EOS) "softens" considerably and this could cause the expansion to stall and prolong the emission duration to give R out > R side .
In a recent study, the acoustic scaling properties of collective flow were used to extract viscous coefficients as a function of √ s N N [27] . A striking pattern of viscous damping, compatible with the expected minimum of η s (T, µ B ) for trajectories in the vicinity of the CEP [20, 21] , was reported. Such trajectories should also lead to signatures indicative of a softening of the EOS and a prolonged emission duration. Both can influence the space-time extent to give a measurable nonmonotonic √ s N N dependence of the medium expansion velocity and the duration of particle emission.
In this Letter, we use the interferometry technique of Hanbury Brown and Twiss (HBT) [28] to perform detailed differential measurements of two-pion correlation functions [24, [29] [30] [31] [32] [33] [34] [35] [36] tion at the LHC [35] . We test the scaling properties of specific combinations of the 3D radii that are sensitive to the expansion velocity (and thus also the speed of sound) and the emission time duration, which allow a search for their possible nonmonotonic dependence on √ s N N . The present analysis uses the data recorded by the PHENIX experiment for Cu+Cu collisions during the 2005 RHIC running period and for Au+Au collisions during the 2007 and 2010 running periods. Event triggering, as well as determination of the collision vertex z (along the beam axis) was obtained with the BeamBeam Counters located on either side of the interaction point of PHENIX. This vertex was constrained to |z| < 30 cm. the charge distribution measured in the beam-beam counters, which span the pseudorapidity range 3.0<|η|<3.9 [38] . Track and momentum reconstruction for charged particles were performed by combining hits from the drift chambers (DC) and pad chambers in the PHENIX central spectrometers (|η| < 0.35). Charged pions were identified by combining time-of-flight from the two time-of-flight detectors, as well as the electromagnetic calorimeters [39] , with momentum reconstructed from the DC and pad-chamber hits in the magnetic field. Particles within 2 standard deviations of the peak for charged pions in the squared mass distribution were identified as pions for momenta up to ∼ 1 GeV/c as detailed in Ref. [38] .
The two-pion correlation function is defined as the ratio C 2 (q) = A (q) /B (q), where A (q) is the measured distribution of the relative momentum difference q = p 2 − p 1 between particle pairs with momenta p 1 and p 2 ; B (q) is the uncorrelated distribution, obtained from particle pairs in which each particle is selected from a different event but with similar event centralities, vertex positions, and charge sign. The effects of track merging and track splitting [31, 34] were suppressed via pair selection cuts in the DC and the electromagnetic calorimeters, as detailed in Ref. [34] . The relative momentum q is calculated in the longitudinally co-moving system, where the longitudinal pair momentum (along the beam direction) is zero. It is also decomposed into its three components, q out , q side , and q long , following the BertschPratt convention [40, 41] , i.e. the "out" axis points along the pair transverse momentum, the "side" axis is perpendicular to the out axis, and the "long" axis points along the beam.
Correlation functions were studied as a function of collision centrality, as well as for different pion-pair transverse momenta k T = |p T,1 + p T,2 |/2 or transverse mass show the familiar Bose-Einstein enhancement peak at low q. The larger peak widths for Cu+Cu reflects the difference in the initial geometric sizes for 0%-10% central Cu+Cu and Au+Au collisions. Correlation functions were extracted for a detailed set of centrality and m T cuts, to allow a study of the emission sources as a function of pair momentum and initial-state transverse size characterized as follows. In a Monte Carlo Glauber (MC-Glauber) calculation [42] [43] [44] a subset of the nucleons become participants (N part ) in each collision by undergoing an initial inelastic N+N interaction. The transverse distribution of these participants in the X-Y plane has RMS widths σ x and σ y along its principal axes. We defineR, the characteristic initial transverse size, as
. TheR and N part were computed as a function of collision centrality. Note that, for central collisions, the initial Gaussian radius for the collision system R ≈ √ 2R. The systematic uncertainties for these geometric quantities, obtained via variation of the model parameters, are less than 10% [44] .
The correlation functions were fitted with the following expression (in which cross-terms are assumed to be negligible) which accounts for the Bose-Einstein enhancement and the Coulomb interaction between pion pairs [46, 47] : (1) where N is a normalization factor, λ is the correlation strength, F c is the Coulomb correction factor [47] evaluated with the Coulomb wave function, and R out , R side and R long are the Gaussian HBT radii which characterize the emission source. R long is related to medium lifetime and (R 2 out − R 2 side ) is sensitive to ∆τ [25, 26] . Similarly, (R side − √ 2R) gives an estimate for the expansion radius for small values of m T .
Good fits to the correlation functions for the Cu+Cu and Au+Au systems were obtained (cf. Fig.1 ) and crosschecked to confirm agreement with our earlier measurements for Au+Au collisions [31, 34, 48] . The fit parameters for π + π + and π − π − pairs were also found to agree within statistical uncertainties; the data for π + π + and π − π − were therefore combined. The systematic uncertainties for the fits were estimated via variations of the cuts used to generate the correlation functions (single track cuts, pair selection cuts and particle identification cuts). Typical values of the systematic uncertainties for R out , R side , and R long are 5% and do not exceed 8%.
At freeze-out, the space-time extent of an emission source reflects its initial size, its growth in size over the duration of its lifetime or expansion time τ , as well as a diminution in size with m T , due to position-momentum correlations. The expansion time τ ∝R [27, 50, 51] . Therefore, R out , R side , and R long might be expected to scale withR for a given m T . Position-momentum correlations reduce the magnitude of these radii [31, 32, 35] , so it is instructive to investigate m T scaling as well. Figure 2 gives a summary of the detailed centrality and m T dependence of the extracted radii for Cu+Cu and Au+Au collisions at √ s N N = 200 GeV. Figures 2(a) , (b) and (c) validate the expected linear dependence of R side , R out and R long onR for both systems and show that the magnitudes of the radii for each system, are comparable at similar values ofR and m T . They also indicate the expected decrease in the slope of the respective scaling curves (for R side , R out , and R long ) with m T . The latter confirms the important influence of position-momentum correlations which result from collective expansion in the Cu+Cu and Au+Au systems. Similar scaling patterns were observed for the full range of √ s N N values spanned by the STAR data set [37] . √ m T and the position-momentum correlations are largest (smallest) in the long (side) direction. They also indicate that, for a given √ s N N , the full set of differential measurements for each radius, can be made to scale to a single curve. Figure 4 shows a further demonstration of these scaling patterns for PHENIX and STAR measurements for GeV as indicated. The STAR data are taken from Ref. [37] . The dashed curves are linear fits to the combined data sets.
Au+Au collisions at √ s N N = 39, 62.4 and 200 GeV. The results for two centrality or N part selections indicate the characteristic 1/ √ m T dependence of R out , R side , and R long for each beam energy presented. They also indicate good agreement between the PHENIX and STAR data sets. The PHENIX data provide a sizable extension to the m T reach of the available data for HBT radii at RHIC. Similar scaling was observed for the full range of √ s N N measurements spanned by the ALICE and STAR data sets [37, 49] .
The quantities (R 2 to reduce the effects of position-momentum correlations. These quantities, which are related to the emission duration and expansion velocity respectively, were investigated as a function of √ s N NḞ igures 5(a) and (b) show these dependencies for the 5% most central collisions of the combined data sets. Similar patterns were observed for other m T selections, albeit with different magnitudes. These nonmonotonic patterns are consistent with the minimum observed for the √ s N N dependence of the viscous coefficients reported in Ref. [27] , and could be a further indication of trajectories passing through the softest region in the equation of state and possibly the CEP.
In summary, we have presented new PHENIX measurements of two-pion interferometry and used them to extract the Gaussian source radii R out , R side , and R long , of the emission sources produced in Cu+Cu and Au+Au and R side − √ 2R/R long which are sensitive to the emission duration and expansion velocity, respectively. Nonmonotonic dependencies observed in these variables may be linked to trajectories that spend a significant fraction of time near the softest point in the equation of state and possibly the CEP. Further detailed studies are required to make a more precise mapping, as well as to confirm that the observed patterns are linked to trajectories close to the critical end point in the phase diagram for nuclear matter.
